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Development of FEM laboratory modules for an introductory

undergraduate Geotechnical Engineering course

Osvaldo P. M. Vitali!, Amy Getchell!, Marika Santagata'

! Lyles School of Civil Engineering, Purdue University, West Lafayette, IN 47907, USA

Abstract

While geotechnical and structural engineers routinely rely heavily on finite element (FEM)
modeling for analysis and design, exposure to numerical modeling and to software used in industry
is generally limited in most civil engineering undergraduate curricula. This document summarizes
the experience of introducing an industry FEM software - Midas GTS NX — into the Geotechnical
Engineering I course at Purdue University in the Spring 2020 semester, through two laboratory
modules built around key topics covered in the course: 2D groundwater flow and stress analysis.
In addition to providing exposure to tools used in practice, the modules were designed to
consolidate the comprehension of fundamental concepts, and enhance students’ learning
experience by facilitating rapid iterative exploration of different technical scenarios in the context

of practical applications of geotechnical engineering.

1 Introduction

Thanks to recent advances in software, hardware and constitutive modeling, geotechnical design
currently relies heavily on numerical analyses, and most geotechnical and structural design firms
have access to sophisticated finite element method (FEM) programs and the required
computational capabilities, enabling highly complex numerical analyses to be conducted within
tight project schedules. Numerical modeling for geo-structural design is highly attractive because
it considers important aspects that may be neglected in traditional design methods, including
coupled stress-seepage analyses, consideration of soil-structure interactions, realistic modeling of
construction operations, and representation of complex aspects of soil behavior through advanced

constitutive models, while taking into account complex 3D geometries and geological profiles.



With this in mind, there is great interest in introducing numerical modeling in the engineering
curriculum at both the undergraduate and graduate level, and in particular in providing students
with access to FEM software used in industry. These programs are generally user-friendly and
have outstanding plotting features, permitting rapid visualization of results and exploration of
realistic “practical” problems, which, a recent review of the state-of-the-art of geotechnical
engineering education (Wirth et al. 2017) suggests, is critical even in an introductory geotechnical

engineering course.

This report describes the laboratory modules developed using an industry-based FEM software
(Midas GTS NX) for CE383: Geotechnical Engineering I, the introductory geotechnical
engineering course offered at Purdue University during the Spring 2020 semester. This effort was
motivated by a desire to increase student engagement; expose undergraduate students to tools used
in practice; improve student learning experience by addressing problems more complicated than
those typically tackled in the course, while also providing some exposure to design; and provide a

more modern view of the geotechnical engineering field.

As part of this work, three lab modules were designed around key topics covered in the course,
two of which are described in this report. The first addresses the 2D problem of seepage underneath

a dam; the second the increase in stresses generated by the application of loads at the surface.

2 Background on course and student population

Purdue’s CE 383 - Geotechnical Engineering I course is designed to introduce students to the
fundamentals of soil mechanics with emphasis on the following topics: origin, composition and
multi-phase nature of soils; effective stress principle; permeability and seepage; one dimensional
consolidation theory and settlement analysis; strength behavior of coarse and fine grained soils.
The course includes both a lecture (3 hours/week) and a laboratory component. Student assessment
is based on weekly homework assignments and laboratory reports, in-class quizzes, exams and
class participation. For the laboratory component, the students are divided into smaller sessions
(generally < 24-26 students) that are held weekly for 2 hour periods and administered by the

teaching assistant (TA). The laboratory sessions are intended to reemphasize the concepts



presented in the lectures, provide hands-on experience, and connect the class material to practical

applications.

CE 383 — Geotechnical Engineering I is the first course in geotechnical engineering offered at
Purdue University and, therefore, represents for all students the first academic exposure to this
field. In Spring 2020, the class was comprised of 104 juniors and seniors and 1 graduate student,
with 84 students enrolled in the Lyles School of Civil Engineering (CE), and 20 in the Division of
Construction Engineering and Management (CEM). In the existing Purdue CE undergraduate
curriculum, the course is not required for graduation (this is scheduled to change in Fall 2021). It
is, instead, a required core course for the Purdue CEM students. In Spring 2020, none of the
students enrolled in CE 383 — Geotechnical Engineering I had any previous experience with

numerical methods, including FEM.

3 FEM Laboratory module design and implementation

3.1 Overview

While focusing on different topics, the two laboratory modules described in this report were both
designed and administered in a similar manner. The FEM software Midas GTS NX was made
available to all students to download to their personal laptops to use during the FEM laboratory
sessions. Additional laptops on which the software had already been installed were provided
during the laboratory session to those who did not have a laptop or could not successfully install
the software. In both labs, students worked in pairs or, in exceptional cases, in groups of three.
This was done to encourage peer to peer interaction and team work. The assignments were
designed to be completed during the 2 hour lab session with assistance from the TAs. Student
assessment was based on responses to a series of questions included in a worksheet distributed to

the students and on engagement during the lab session.

For each FEM laboratory module, the following educational materials were developed by the

teaching team and provided to the students:

(1) a “master” handout, with detailed explanation of the problem and a step-by-step

procedure to guide students through the lab;



(2) one or more FEM models (Midas GTS NX input files) with mesh, boundary conditions
and material properties set up;

(3) a short tutorial (software specific) illustrating how to conduct the analysis, visualize
and extract the results, and, when needed, modify the model;

(4) aworksheet, with questions designed to focus students’ attention on the most important
aspects of the problem;

(5) an Excel spreadsheet with graphs ready for plotting select data extracted from the FEM
output.

Additionally, a grading rubric was developed for use by the teaching team.

In both labs, the approach was to first analyze a problem using traditional methods covered in the
lectures. Then, the same problem was analyzed using the FEM software, and the students were
asked to compare the numerical results with their calculations. After this initial task, the students
used the FEM software to explore more complex scenarios that could not be readily solved using
hand-calculations or available solutions. The FEM models were set-up ahead of time, and provided
to the students, who were instructed to inspect them, and review the FEM mesh, the boundary
conditions including load/head distributions and the material properties. This was done so that,
given the limited time available during the lab session, the students could focus on the fundamental
concepts instead of on modeling procedures and implementation. The master handout guided the
students through the assignment, and directed them to answer the questions on the worksheet as
they progressed. The questions were designed to consolidate the fundamental concepts that had
been introduced in lecture and focus students’ attention on aspects that may not be obvious at a
first glance. In a few cases the students were asked to predict the outcome of an analysis prior to
performing it, and then encouraged to reconcile their intuition with the numerical results. In the
last part of the lab the students were asked to build on the work performed to that point to address
a design question. This was done to emphasize the role of the FEM as a practical tool for
engineering design. The course did not allow the time to discuss the theory of the finite element
method. However, ahead of the second FEM lab a lecture was offered to introduce the philosophy
of the method (e.g. concept of discretization, basic definitions, assembly of stiffness matrix), and

share some examples of its application in practice in the field of civil engineering.



The following two sections provide more detail on the two FEM laboratory modules implemented

during the 2020 Spring semester:

(1) Laboratory on 2D seepage using FEM (administered in the course as Lab 5)

(2) Laboratory on stress analysis using FEM (administered in the course as Lab 8)

The materials developed for these two modules are attached as Appendices.

3.2 Laboratory on 2D seepage using FEM

The FEM laboratory module on 2D groundwater flow explores the practical problem of seepage

underneath a dam. The module was designed with the following key student learning objectives:

become aware of the potential to solve seepage problems using the FEM;

acquire familiarity with the terminology and functionality of a commercial FEM
software;

develop the ability to calculate fundamental quantities (e.g. gradients, flow rates) in
more complex flow conditions than those previously explored in homework
assignments;

understand the relationship between the geometry of the flow paths and key results (e.g.
flow rate, maximum exit gradient) produced by the analysis;

examine the effectiveness of techniques used for controlling flow.

A sketch of the dam, with the geometry and water levels, and the corresponding FEM model are

shown in Figure 1a and Figure 1b, respectively. The boundary conditions are applied at the ground

surface at the left of the dam (upstream, total head of 25m) and at the right (downstream, total head

of 2m). The ground surface is selected as the datum. No flow is allowed through the contour of the

dam and through the bottom of the model. The ground is discretized using square elements, with

sides of 1m. The width of the model (160m) was chosen based on preliminary analyses that showed

that beyond this size the results were not significantly affected by the width of the model.
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Figure 1 Practical problem of groundwater flow underneath a dam. (a) Geometry with
dimensions and water levels and, (b) finite element mesh.

The laboratory module was organized in three parts:

In Part A, the students were asked to determine the maximum exit hydraulic gradient, the total

flow rate, and the uplift force under the dam by hand using an already prepared flow net.

In Part B, the students first explored the same problem using the FEM software. The same
quantities were extracted from the FEM model and compared with the values obtained with the

flow net, so that the students could associate the numerical model with the flow net analysis. The



students were then asked to use the FEM software to analyze the effects of placing a grout screen

of given depth under the upstream and the downstream end of the dam.

Finally, in Part C of the lab, the students were asked to use the FEM software to select the grout
screen design (position and depth) that met specific design requirements (limit on maximum exit

gradient, and minimum factor of safety against uplift).!

a)

b)

Figure 2 Plots of the equipotential lines together with flow path lines visualized in Midas
GTS NX: (a) dam with no grout screen; (b) dam with 5 m deep grout screen, and (c) dam with 15 m
deep grout screen.
During the laboratory session, the students were encouraged to visualize total head and pressure
head fields and flow paths. They were also asked to build flow nets for the different cases examined
by plotting together the equipotential lines and the flow path lines. Typical plots prepared by the

students during the laboratory session following the instructions provided in the software tutorial

! This design question was further explored by the students in the subsequent laboratory session in which
they utilized the finite difference method to analyze the same 2D seepage problem.



included in their packet are shown in Figures 2 and 3. Using the software, the students could
quickly assess a variety of different scenarios, different grout screen depths and screen position to
evaluate how the grout screen affected the flow paths and the total and pressure heads. Answering
the questions included in their worksheet required the students to explore and understand these

plots.

The materials developed for this module are included in Appendix A.

Figure 3 Plots of the total head field (1) and pore pressure field (2) visualized in Midas GTS
NX: (a) dam with no grout screen, (b) dam with 10 m deep grout screen near the upstream edge
and, (c¢) dam with 10 m deep grout screen near the downstream edge.

3.3 Laboratory on stress analysis using FEM

The FEM laboratory module on stress analysis addresses the change in stresses produced in a soil
mass due to the application of loads at the ground surface. The learning objectives of this module
were for students to:

- become aware of the potential to model stress analysis problems using the FEM;

- acquire familiarity with the terminology and functionality of a commercial FEM

software;



- reach an increased understanding of fundamental concepts including: superposition of
elastic solutions; relationship between stress changes and settlement of a soil mass;
stress propagation in layered soils;

- gain insight into the impact of foundation type on the performance of a structure.

The case history of the leaning buildings in Santos, SP, Brazil, was selected for this FEM
laboratory module. Figure 4 shows pictures of the two leaning buildings, Mahembi and Paineras
(Figure 4a), used in the laboratory assignment and three other more recent buildings that show no
lean (Figure 4b). Students were provided with a typical simplified geological profile (Figure 5),
which includes a superficial layer of dense sand (~ 10 m), a very thick (up to 50 m) layer of soft
clay, a layer of dense sand, underlain by residual soil. They were also informed that the leaning
buildings had been constructed on shallow foundations, while the level buildings were built on

deep foundations (Figure 5).

The Mahembi and Paineras buildings are representative of a number of tall buildings constructed
in Santos between the 1940’s and the 1980’s using shallow foundations, prior to the availability
of practical technology to build deep foundations in Santos’ geological profile. Concerns regarding
the settlement of the buildings were raised by the early 1950°s (Teixeira 1994) by geotechnical
engineers, who warned that large settlements and leaning of the buildings would occur with time
due to consolidation of the thick, soft clay layer underlying the superficial sand layer. A number
of recommendations were provided, including limiting the number of floors of new buildings to
ten (Teixeira, 1994). This recommendation was repeatedly disregarded, and buildings with up to
18 floors were built. It wasn’t until 1986 that the Building Code of the Municipality of Santos
stated that "Buildings with more than twelve floors must have deep foundations." Buildings with
more than 30 floors have since been successfully constructed in Santos over deep foundations.
This brief and simplified history of Santos’ leaning buildings was shared with the students during
a lecture offered ahead of the lab session to provide context for the laboratory exercise and
emphasize the importance of geotechnical considerations in design. This case history also provided

a link to the subsequent topic covered in the course: consolidation theory and settlement analyses.



Figure 4 Leaning buildings in Santos, Sao Paulo, Brazil: (a) Mahembi building; (b)
Mahembi and Paineras buildings alongside more recent buildings showing no lean.

A L L
” ” Dense Sand

Santos’ typical

geological
profile Soft clay

|| || Dense Sand

Figure 5 Typical geological profile in Santos with illustration of lean observed in buildings
on shallow versus those on deep foundations.
Figure 6 shows the FEM model used for laboratory exercise. For simplicity the problem was
considered two-dimensional, i.e. modeled as a plane strain problem. The buildings were
represented by a distributed load applied on the ground surface. The model dimensions were very

large to avoid boundary effects and to allow a better visualization of the stress bulbs. The
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dimensions of the buildings were roughly determined from photographs and the loads estimated
based on the number of stories. The ground was simulated with linear elasticity. Second order
rectangular elements were adopted to ensure the accuracy of the numerical results. The in-situ
stresses were neglected since the laboratory exercise focused on vertical stress increments in the

ground. Two loading conditions were analyzed:

e Loading condition I - “small building only,” which considers only the load of the
small building (Mahembi);
e Loading condition 2 - “small and large buildings,” in which the loads due to both

buildings (Mahembi and Paineras) are considered.

Students were asked to consider the following three soil profiles which differ in the

stiffness of the soil layer below a depth of 10m:

e Soil profile 1 — uniform sand layer (Esang=50MPa and v=0.3);
e Soil profile 2 — 10m of sand underlain by soft clay (Ec.y=2.5MPa and v=0.3);
e Soil profile 3 — 10m of sand underlain by rock (Erock=5GPa and v=0.3).

Soil profile 2 is intended to be representative of the actual geological profile in Santos.

Applied loads

- =
I—'/ o Top layer. Linear elastic model
5 E=50MPa, v=0.3

Bottom layer. Linear elastic model
.| Displacements E=var,v=03
constrains

Figure 6 Numerical model used for study of problem of the leaning buildings in Santos.
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This FEM laboratory module was divided in five parts:

e Part A: Comparison between numerical results and closed-form elastic solution
(based on Soil Profile I - uniform sand layer, for both loading conditions)

e Part B: Effect of the large building on vertical stress increments produced under
the small building (comparison between Loading condition 1 - “small building
only” and Loading condition 2 - “small and large buildings,” considering Soil
Profile 1 — “uniform sand layer”).

e Part C: Effect of the presence of soft clay under the sand layer (comparison of Soil
Profiles 1 and 2 for both loading conditions).

e Part D: Effect of the presence of rock under the sand layer (comparison of Soil
Profiles 1, 2 and 3 for Loading condition ).

e Part E: Design implications: estimate of maximum allowable number of stories to

limit settlement under small building (based on Loading condition 2 and Soil

Profile 2).

In Part A, the vertical stress increments obtained with the FEM model at points A, B and C (Figure
6) were compared to those calculated using the Boussinesq elastic solution during a previous

laboratory session on elastic solutions.

In Part B, the students were encouraged to visualize and inspect the vertical stress increment bulbs
for the two loading conditions examined, to associate the changes in the stresses underneath the
small building with the observed lean. Figure 7 shows typical plots visualized by the students in
this part. Students were also instructed to extract results of stress increments produced with the
two loading scenarios at different points below the centerline of the small building, and at a depth
of 10 m underneath the small building. They used these data to prepare plots in excel and answer
questions related to the impact of the load from the large building. As in Part A, stress increments

at the same reference points (A, B and C in Figure 6) were summarized by students in a table.

In Parts C and D, students assessed the effect of changing the material properties of the bottom
(>10 m depth) layer on the vertical stress increments produced by the applied loads. Again,
students were asked to visualize the stress bulbs and compare them to those observed for a uniform

deposit (Soil profile 1).
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Finally, in the last part of the lab (Part E), students explored the design implications of what they
had learned. Focusing on Soil Profile 2, which is representative of Santos’ geological profile,
students were asked to provide an estimate of the maximum number of stories that they would
have recommended for the larger (Paineiras) building to limit deformations under the existing
small (Mahembi) building. As students were not yet familiar with settlement analysis in soft clays
(this topic is taught later in the semester), the problem was simplified greatly and students were
told that to limit large deformations, the soft clay could support a maximum vertical stress
increment of 50 kPa. This number was selected based on the recommendation that emerged from
the debates promoted by the Associagdo Brasileira de Mecanica dos Solos — Nucleo Regional de
Sdo Paulo in 1995, to limit the vertical stress increment at the top of the soft clay layer to less than

50 kPa (Massad 2009).

The materials developed for this module are included in Appendix B.

a)
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Figure 7 Vertical stress increment plots: (a) Loading condition 1 - small building only and
(b) Loading condition 2 - small and large buildings (both for Soil Profile 1 — uniform soil).
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Figure 8 Vertical stress increment plots for Loading condition 1 — “small building only” for
(a) Soil Profile 1 — uniform sand layer; and (b) Soil Profile 2 —soft clay under sand layer.

4 Final remarks

This document summarizes the educational modules developed using an industry-based FEM
software (Midas GTX NX) for the introductory geotechnical engineering course offered at Purdue
University in the Spring 2020 semester. The two modules were administered as part of the
laboratory component of the course. The modules, developed around two core topics covered in
the course - 2D seepage and stress analysis — are connected to practical applications of geotechnical
engineering: the design of a grout screen under a dam, and the effect of new construction on

differential settlement under an existing building on shallow foundations.

In both exercises the students first analyzed a simple base case problem using both the FEM and
traditional methods previously covered in class; then they used the software to explore more

complex scenarios that could not be readily solved using hand-calculations or available solutions;

14



finally, using the understanding of the problem developed through this work they addressed a
design question. The educational materials developed for these modules were designed to guide

students through the assignment, and focus their attention on key fundamental concepts.

The access to a user-friendly FEM software with great visualization capabilities facilitated iterative
exploration of technical parameters, enabling a depth of analysis that is not common in an
undergraduate course, and providing students with a sophisticated understanding of the problems

investigated in a short period of time.

While designed to be administered during a single two hour laboratory session, both laboratory
modules described in this document could be split over two or more sessions and/or expanded to
allow exploration of additional factors (e.g. the role played by material anisotropy) or to include a
more comprehensive design exercise. In addition, the second of the two modules could be revisited
after covering the topic of consolidation for calculation of the vertical strain field and surface

settlement.
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Appendix A — 2D Seepage Module

Al: 2DSeepage-Handout.pdf — explains purpose of lab and outlines procedures to be followed
A2: 2DSeepage-Guidelines.pdf — provides guidance on how to use Midas to conduct the analyses
and extract the results

A3: 2DSeepage-Worksheet.pdf — to be used to summarize data and provide answers

Additional files for download:
2DSeepageLab-dam_no_screen.gts — input file for Midas software

2DSeepage-Spreadsheet.xlsx
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CE 383: GEOTECHNICAL ENGINEERING |
Purdue University

Laboratory on 2D Seepage using FEM

Purpose
- During this lab you will learn to:
1) Use flow nets to determine important quantities related to flow and pressure fields in a porous
medium.
2) Gain exposure to the finite element method, a numerical method that is widely used in practice
to solve many engineering problems.

Equipment and Software
- Your laptop on which you will have loaded the Midas GTX NS Software (see document with
installation instructions). Software download MUST be completed ahead of time.

Reading
- Posted handouts and class notes in Blackboard. See also Section 7.7 in the HKS textbook.

Handouts and files

- 2DSeepage-Handout.pdf (this handout) — explains purpose of lab and outlines procedures to
be followed

- 2DSeepage-Guidelines.pdf — provides guidance on how to use Midas to conduct the analyses
and extract the results (software specific)

- 2DSeepage-Worksheet.pdf — to be used to summarize data and provide answers

- 2DSeepagelab-dam_no_screen.gts — input file for Midas software

- 2DSeepage-Spreadsheet.xlsx — excel file to be used to perform one of the required
calculations

Overview
The figures below present the geometry and material data of the problems to be analyzed.

Z(w)
)

soll: =20.5 kN/m’)
Water: 7,=9.81 kN/m*| | w

Self weight of dam.
5,800 kN/m

2m
{edge to
screen)  (f=10m

The problems are two-dimensional and the flow conditions in the foundation soil are steady-state flow
with isotropic permeability. The figures show a concrete dam, considered impervious, which is
supported by a permeable foundation soil with hydraulic conductivity k=10“ m/s. An impervious
horizontal bedrock is present at fairly large depth. Each figure represents a different configuration for
the same dam project: the first case has no grout screen, while the second and third cases involve
construction of a 10 m deep grout screen, in one case 2 m from the upstream edge of the dam, in the
second case 2 m from the downstream edge. The grout screen below the dam is a zone of soil treated
by injection of a cement-based mix in order to decrease its permeability to almost zero. Typically, this
grouting is performed from the surface prior to construction of the dam or from a gallery located at the
base of the dam. In this lab, you will assume that the grouted zone is impervious. Note that the grout
screen is not considered a structural element of the dam; its only purpose is to control the groundwater
flow.

Developed by O. Vitali, A. Getchell, M. Santagata, Spring 2020 Page 1 of 6



In this lab you are asked to:

- Perform manual calculations using a flow net provided to you for the 2D problem involving flow
below the dam with no grout screen. You will calculate the flow rate, the maximum exit gradient,
the pore water pressure at select points and the total uplift force on the dam.

- Use Midas GTS NX, a finite element program, to perform calculations to: establish the effects of
the presence of the grout screen below the dam; and to define its optimal location and depth.

Report
No report is required for this lab. You are required to complete the questionnaire by the end of lab and
hand it in.

Procedure:
PART A — Analysis using flow nets

The figure on page 6 of this handout presents the geometry and material data of the first problem to
be analyzed. Use the already drawn flow net to determine the pore pressure at Point C below the
dam, the uplift force acting on the dam, the total seepage flow rate per unit length of dam (expressed
in m3s/m) and the maximum exit gradient. Summarize these values in the table at the top of
2DSeepage-Worksheet.pdf

Note: there is no need for any equipotential to go through point C (you can interpolate values of the
head linearly across each head drop).

To calculate the uplift force on the dam you will need to determine the pore pressure along the base
of the dam. The TAs will show you how to do this calculation in two different ways: one more accurate,
the second more approximate but quicker.

PART B — Analysis using Midas GTX NS — EFFECT OF CONSTRUCTING A
GROUT SCREEN

In the second part of the lab you will use the Midas GTX NS Finite Element (FE) software to repeat
the calculations done above and to explore the impact of constructing a grout screen under the dam.
The finite element method is widely employed in civil engineering to solve complex structural and
geotechnical engineering problems. When setting up a finite element analysis there are a few
important decisions to make. The most important ones pertain to:
- the selection of the dimensions to be investigated, i.e. how far should | set the model
boundaries?
- the discretization of this domain into “finite elements”, i.e. how many elements should | use?
(note that in the same model you can have areas of finer mesh and areas of coarser mesh);
- the type of element(s) to use;
- the selection of the boundary conditions (constant head or impermeable boundaries);

For the purpose of this lab exercise these decisions have been made for you, and the resulting model
for the dam without the grout screen has already been prepared for you, and is shown below.

This is the model that will appear once you start the problem and open the file (2DSeepagelab-
dam_no_screen.gts) provided to you (see slide 2 of pdf entitled “2DSeepage-Guidelines.pdf”).

This same document provides step by step instructions on how to:

- perform the analysis (slide 4),

- visualize and extract the results (slides 5-12)

- modify the model to include the grout screen (slide 13)

The last slide explains how to recover a window when you inadvertently close it (slide 14).

Developed by O. Vitali, A. Getchell, M. Santagata, Spring 2020 Page 2 of 6



You are expected to complete the following 3 analyses:

1.

a)

b)

d)

e)

f)

g)
h)

d)

The first analysis (2D FLOW-DAM WITH NO GROUT SCREEN) pertains to the dam without
a grout screen.
Follow the instructions in slides 2-4 to open the model and run the analysis.

Follow the instructions on slides 5-7 to visualize the equipotential lines and learn how you
would draw a flow net. The point here is not for you to reproduce the flow net (Midas provides
a numerical solution — it does not need the flow net), but simply to see how you can visualize
flow lines, and “sketch” a flow net. Answer the following questions in your worksheet:

B1 — What is an equipotential line?

B2 — What is a flow line?

B3 — What is the angle between equipotential lines and flow lines? Why?

B4 — How does the total head vary as a function of depth far to the left of the dam?
What does this imply? What about far to the right?

Follow the instructions on slide 8 to learn how to extract results (total head, pressure, gradient,
etc.) at any location

Follow the instructions on slide 9 to visualize the pore pressure contours and determine the
pore pressure at point C. Add this value to the summary table in you worksheet

Follow the instructions on slide 10 to determine the uplift force on the dam. You can use
2DSeepage-Spreadsheet.xlsx to perform uplift calculations.
Add this value to the summary table

Follow the instructions on slide 11 to determine the maximum exit gradient
Add this value to the summary table

Follow the instructions on slide 12 to determine the total flow rate under the dam
Add this value to the summary table

Save the file.

Compare the FE results to those obtained from the hand calculations using the flow net and
answer question in your worksheet.

B5 — Compare the results from Midas with those calculated by hand using the flow
net. Comment.

The second analysis (2D FLOW — EFFECT OF 10 m UPSTREAM GROUT SCREEN)
pertains to the case with a 10 m deep grout screen placed under the upstream end of the
dam -2 m from the edge.

See slide 13 in 2DSeepage-Guidelines.pdf for how to modify the model with a 10 m deep
grout screen placed 2 m from the edge of the upstream end of the dam. Save the file again
with a new name (e.g. 2DSeepagelLab-dam_10m upstream screen.gts).

Perform the analysis again (slide 4), and follow the instructions in slides 5-12 recording the
same results in the summary table.

Follow the instructions on slide 9 to visualize the pore pressure contours and determine the
pore pressure at point C. Add this value to the summary table

B6 — What is the effect of the grout screen on the pressure at C? Explain.

Follow the instructions on slide 10 to determine the uplift force on the dam. You can use
2DSeepage-Spreadsheet.xlsx to perform uplift calculations. Add this value to the summary
table

B7 — What is the effect of the grout screen on the uplift force? Explain.
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e) Follow the instructions on slide 11 to determine the maximum exit gradient. Add this value to
the summary table

B8 — What is the effect of the grout screen on the exit gradient? Explain.

f) Follow the instructions on slide 12 to determine the total flow rate under the dam. Add this
value to the summary table

B9 — What is the effect of the grout screen on the flow rate? Explain.

g) Save the file and answer the following questions.

B10 — What would you expect to observe if the upstream grout curtain extended to a
greater depth?

B11 — What would you expect to observe if the upstream grout curtain extended all
the way to the impervious bottom?

3. The third analysis (2D FLOW — EFFECT OF 10 m DOWNSTREAM GROUT SCREEN)
pertains to the case with a 10 m deep grout screen placed under the downstream end of
the dam — 2 m from the edge.

a) Generate the model for this analysis starting from the original model with no grout curtain.
Save the file again with a new name (e.g. 2DSeepagelLab-dam_10m downstream screen.gts).

b) Perform the analysis again (slide 4), and follow the instructions in slides 5-12 recording the
same results in the summary table.

¢) Follow the instructions on slide 9 to visualize the pore pressure contours and determine the
pore pressure at point C. Add this value to the summary table

B12 — What is the effect of the grout screen on the pressure at C? Explain.

d) Follow the instructions on slide 10 to determine the uplift force on the dam. You can use
2DSeepage-Spreadsheet.xlsx to perform uplift calculations. Add this value to the summary
table

B13 — What is the effect of the grout screen on the uplift force? Explain.

e) Follow the instructions on slide 11 to determine the maximum exit gradient. Add this value to
the summary table

B14 — What is the effect of the grout screen on the exit gradient? Explain.

f) Follow the instructions on slide 12 to determine the total flow rate under the dam. Add this
value to the summary table

B15 — What is the effect of the grout screen on the flow rate? Explain.

g) Save the file and answer the following question.

B16 — What would you expect to observe if the upstream grout curtain extended to a
greater depth?

PART C — Analysis using Midas GTX NS — DESIGNING THE GROUT SCREEN

The dam design needs to satisfy two design requirements:

Requirement 1: the maximum exit gradient < 0.5

Requirement 2: the uplift force (in kN/m) x 2.5 < self weight of the dam (in kN/m), i.e. less
than 5800 kN/m (that is a factor of safety of 2.5).
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a) Start by answering question C1 on your worksheet which examines the three scenarios
investigated to this point. You should find that in none of the cases the requirements are
satisfied. For the two solutions with a grout screen consider a deeper screen. While the idea
would be to find the minimum depth of the screen that satisfies both criteria, simply increase
the screen depth to 15 m.

C1 — Based on the results obtained using Midas, do the three design solutions
satisfy?

b) Repeat the analyses with a 15 m curtain upstream and a 15 m curtain downstream and report
the results in the table and answer questions C2-C6.

C2 — With a deeper curtain, do the design solutions satisfy?
C3 — How can you explain these results?

C4 — What design would you recommend?

C5 — What additional analysis should be performed? Why?
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PORE PRESSURE AT C

AR AR AETR LR

MAXIMUM EXIT GRADIENT

FLOW RATE UNDER THE DAM

g=k Ah ng/ny

A ;
25m
24 m
v!
Soil:  k=10*m/s
v =20.5 kN/m3

Self weight of dam:

5,800 kN/m
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i lmX'lmgrid [

UPLIFT FORCE

2m

Uplift Force Pressure Pore Portion of Uplift force
Calculations head (m) pressure dam base kN/m
(kPa) (m)
Left corner - -
EqU||?otent|aI 17.5 171.7 4
line 4
Equipotential
line 5 14.5 143.5 4
Equipotential
line 6 11.8 115.8
Right corner 10.3 101.2
2 TOTAL=
¢
Iy L. AL
E approximate TOTAL=
approximate
‘/ Page 6 of 6




Laboratory on 2D Seepage using FEM
Tutorial for conducting the analysis using the Midas GTS NX software

Prepared by O. Vitali, A. Getchell and M. Santagata — Spring 2020

to be used in conjunction with Lab Master Handout

CE 383: GEOTECHNICAL ENGINEERING | LYLES SCHOOL OF CIVIL ENGINEERING PURDUE UNIVERSITY




STEP 1: GETTING STARTED i

la. Loading the model
Open 2DSeepagelab-dam_no_screen.gts (double click on the file or go to File = Open and select file )

. Open
» Open an existing document

Create a new document

F,
—
- Save
o Oe g o GTS NX - [2DSeepagelab-dam_no_screen! F ro nt - =7 x
/| Geometry Mesh Static/Slope Analysis Seepage/Consolidation Analysis Dynamic Analysis Thermal Analysis Analysis Result Tools Style ~ Background ¥ Language ~ ‘@' - T X
+@PBOrrXxT o EZE @ E'_J Ijrj P T ERRevolve || o Transte & scile P remove || ff Face/edge Fﬂr' Jff) Frame to soid
Par e -4 + 4 600D - . = Blor | Oromte & SweenTransbte 11 attach | “EH (Petrace 5 Remove tanuel B Check Shape ~
- Befldng || Sold  Surface || Soid Surface || Extrude Super Options Terrsin Geometry
ooy h JODN P [ ‘ Psween || rarer B rroect || S1epe P moies || B rmornted obmect | WMaker v (& check pupicate |
| Point & Curve I Surface & Solid )L Bookan || Divide I Protrude I Transform ) Sub Shap JL_Remove/modty || Tools J
$@egenmiido M8 Bh HIM L& %h ¥ RBE QB QAICC+ HE, @FOFHE -8 -YIBH
Model X
o . . &%y | £, - Basic ~ Al Geometries ( ~ RE®® 7
@ New Works B
-+% Coordinate System Fl
H
«J View Point

. Heotal = 25m Heotal = 2mM This is how the model will look.
eeio You may use the cursor to zoom in and zoom out.
Hint: Click on “Front” to center the model.

M@ Geometry

& Bedding Plane

& Export Shape

S Mesh Control

M Mesh

X Contact

) Element Parameters
/7 Hinge

q [Z] 2DSeepagelab-dam_no_screen x

Output +ox
Model Analysis Resuls > GTS NX 2020 (v1.1) (64bt)
> Copyright (C) SINCE 1989 MIDAS Information Technology Co., Ltd. ALL RIGHTS RESERVED.
Properties X > 675 NX 2020 (v1.1) (64bit)
H General > Copyright (C) SINCE 1989 MIDAS Information Technology Co., Ltd. ALL RIGHTS RESERVED.
Ready W:-194874.39.6959 X:-B0™80 Y: -24~0 Z0~0 G:[0] N:[3965] E:{3776] kN vim vy vsecv
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STEP 1: GETTING STARTED
la. Inspecting the model: FEM mesh, boundary conditions, and materials

E(wm
‘i.. 268 _ L 1§ = + % 4
Boundary Conditions 54 _ ™\
i "l"ﬁ “F A
| ) -
Total Head=25m Total Head=2m | ; \H Soil:  y=20.5 kN/m*
L] 11 4o $ A k =104 m/s
4m 25 - Water: y, =9.81 kN/m?
1 Noflow ¥ | Y
NN PEEE ] aEEN [T T :?‘, Self weight of dam:
11 * ! 11 h 114 ‘ ] | L1t w 1 "'":r"“ii‘.*‘. 5,800 kN /m
HA-HH-E 18m n 3 ]
.................... 24m o TR PAAE L B R we
.................... "l KRRl 7rrer; T W Datum H
...................... 1 N Y "I;_.. 'UD
........ . :
i Ay m
I le 4
........ | T badreck
) e e e et S T T (w

The finite element model has the same geometry and boundary conditions of the dam you analyzed using
a flow net. In the model the datum is placed at the top of the soil.
The finite element mesh is a 1m x 1m rectangular grid.
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STEP 2: PERFORMING THE ANALYSIS

To run the model, go to “Analysis” and click on “Perform” and then “Ok”. The program will calculate

the solution. \

ey — D€ Analysis Seepage/Consolidation Analysis Dynamic Analysis Result Tools

‘3" .E E Batch Analysis 3 @‘ F!"I

W Modeling
Jerform

History Options
Qutput Probes
| | |

TS IR IR, Y T T Y,
7 x ‘

Color Sy | £ | Basic = AllGeometries (/) | = | [

- GTS NX Solver Pad ‘

Description

Check On/Off Cancel

Make sure this box is checked
before clicking OK.
Be patient as the model runs.
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STEP 3: ANALYZING THE RESULTS

3a. Visualizing equipotential lines

- Go to Results = Seepage = Nodal Seepage Results = TOTAL HEAD (you must double click)

- Check “Cont.™ine” to see the Equipotential Lines. To see contour lines make
sure this box is checked

- To edit Contour lines, go to Properties — Contour

@ B T o GTS NX - [Dam labé] &
Geometry Mesh Static/Slope Analysis Seepage/Consolidation Analysis Dynamic Analysis Analysis Style v Background v Language v & - ©
o jﬂ Cf)ntour Smooth ~ Edge Type ~ Probf !? LDF §um : % Seepage = (V] l:fg‘ .d ‘{ Nodal Average o —— Egrl
= Cauition |2 Diagram | & Deform ~ B i~ Multi Stdp Iso. L™ Cutting Diag. || p& SAM e q | Elem. Cent. Result & intokee i
[Z4) Vector ~ |XYZ Direction ~ | i No Results ~ || @) Extract =% Others - fSHstory~ P (7] Cont. Line [|] Actual Deformation -
| /| | | | | 1 |
P4 150 B @ oo i g Ju)e| B | BN Gk el IR S HIQBIQIC O +HIAELIEBOE06) D8 2CIHM
Results 7 x : N
Item W | £ ~| None(0) & R = I RBI OB & *8?&-2 A F
[}y Diagram-7 I . 2
-l Post Style +2.213e. §
(15 Default Style 1
- i] 1 + 1.9256 -
-2 Seepage(Steady-state)
=21 INCR=1 (LOAD=1.000) - +1.638e:
=M Nodal Seepage Results ;
ey - R | +1350e ]
Al PORE PRESSURE HEAD ?
. A PORE PRESSURE | +1.063e:
To edit A FLOW RATE
< +7.750e:
Model Analysis [V
contour lines Resuts I +4. 575l
Properties
Contour +2.000e:

= Contour

Smooth Fringe [
Fill Solid X

Color Contour

YOU can plOt the contours Of Other = (J”;hc;l\l\: Line — [DATA] 1, Seepage(Steady-state), INCR=1 (LOAD=1.000), [UNIT] KN, m

parameters including pressure head e L RdEet e -

and pore pressure. Output —
Apply > NUMBER OF THRADS :8 N

W.33548,-397905 | X.-80780Y:.-24~0Z00 G:{0] N:[3965] E-[3776] R P P

Ready
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STEP 3: ANALYZING THE RESULTS

3a. (cont.) Visualizing equipotential lines
To change the number of equipotential lines, go to: Properties 2 Legend = Number of Bands

@ e T aw GTS NX - [Dam lab6] N x
Geometry Mesh Static/Slope Analysis Seepage/Consolidation Analysis Dynamic Analysis Analysis Result Style ¥ Background ¥ Language ¥ & - ©
Ty ST \@ Contour | i) Smooth ~ Edge Type ~ | &, Probe (P LDF sum &) Seepage -~ || [V] Legend  [V] Nodal Average PR l‘;grl
% Caniction = Diagram | B Deform ~ B Fil ~ ¥ Multi Step Iso. 1 Cutting Diag. | p¥ SAM ("I Min/Max  ["] Elem. Cent. Result 7 ik -
“ [Z4) Vector ~ XYZ Direction  ~ | il No Results ~ || @) Extract £% Others ~ R History - || [¥] Cont. Line [] Actual Deformation || = "o ce || Options
| | 1 | | | | )
EAEY Ty eI acg Mkkoan 2B JaBadee+ BLELOB6666.0-5 735k
Results , L
Item Wy | L.~ | None(0) - = I R ®RDF *8?&.%5?’34
[} Diagram-7 I +2.3568. ;
= [fly Post Style +2.213e|=
fi§ Default Style +2.06%e.|
= i’] 1 — <+ 1-9258 -
521 Seepage(Steady-state) b +1.781e:
=2 INCR=1(LOAD=1.000) | +1.638e| |
- Ml Nodal Seepage Results - +1.49%e |2
TOTAL HEAD Ll +1.350e| %
8l PORE PRESSURE HEAD L +1.206e|=
A PORE PRESSURE ——+1.063e:
A FLOW RATE v —{ +9,188e:
< r s
Model Analysis +0. e
+4.875e:
Properties +3.438e:
+2.000e:

X
Legend v
=] Legend -

v| Show True |
Number of Bands 16 L_. X
Color Type RGB
Number Of Contour Color 1 W 000000 [DATA] 1, Seepage(Steady-state), INCR=1 {(LOAD=1.000), [UNIT] kN, m
. . Contour Color 2 FFFFFF
EQUIpOtentIG/ Reverse False » B | B &n— & | Level 3 (Norma) -9
Occupant Ratio... False 4 =) Damlab6 x | b
Drop S Occupant Ratio Color [l FF0000 :
Auto-Range False v || OuEpuE x

I > NUMBER OF THREADS

W

| X: 80780 Y kN vIm  v]sec v

-84.4065, -38.761 — -24~0Z:070 G:[0] N:[3965] E:[3776]
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STEP 3: ANALYZING THE RESULTS e ’

Seepage/Consolidation Analysis Dynamic Analysis Analysis Result Style v Background v Language “

soth ~ Edge Type *| | (&, Probe (7P LDF sum [ seepage | [V] Legend (V] Nodal Average s irage Fie r.'grl
= - ; =1 Image :
No Edge Step Iso. 1™ Cutting Diag. || p& SAM Min/Max Elem. Cent. Result p

3b. Visualizing flow paths and building a flow net M I - vvusinal ol (=it =il [ - o
REECCE V| Mesh Edge i | | |
gis|]  reweee  jlondalRiB AN BIRA00HIAEEA068660,.0.2:.95 0

- First, make sure the grid is visible

a x
W | L.~ | None (O - IR = I RB ORI M
(Results = Edge Type = Mesh Edge) | | e
- Second, visualize Total Head with Contour
: s T
- Third, go to Results = Seepage = Flow Path: — Ei e f:
ow Path
. . . @&  Flow Quantity F'
Click on any node to see the flow path going through it. S SpecalPost |
\Dbeﬁq‘haﬁaﬁ - =8 x
Geometry Mesh Static/Slope Analysis Seepage/Consolidation Analysis DYN3MIC vrapons i I
G v [+ Contour| i) Smooth ~ @ Edge Type - 2Pmbe (7P LOF Sum FJ seepage - ggend [V Nodal Average s image Fie F:grl Notes:
[ Diagram| B Deform ~ Bl - f Multi Step Iso. 1% Cutting Dia E sam Min/Max Elem. Cent. Result S p}ions . .
A Pvecr ozonam - @ | Qo Bones- i ttay | ort.Lne [ acuatpeforraon || E2PRSES |0 You cannot delete a flow line once you draw it (you have
IR e e TR EEER, I A L e e e e YT to delete all), so be careful.
e low Path — J -rﬁ & - |63 B ccometries (1 <1l (1 = | X B R L . oy e . ey .
BT o < el Ll teonnn IR0~ IRWIOSIF *8?&33562 Start in a place where it is easy to figure out the position
T ———— ! 135 that will create a square mesh. In the flow net on the left
=W : tlIcoc oy ..
T e — HE L this is right below the center of the dam.
oA N = Ll +1.4%4e |2 . . . .
L e e You can also decide to add equipotentials while you are
( ] Omee s [2] Ocor H 48 putting in flow lines. The result should be no different
o T o [ i s than a flow net you draw by hand following all the rules.
o P B +2.000e Before moving to the next step, you may want to take a
Show d -_v Close >>
Tl L. screen shot of the flow net.
::jzz Ec;r‘ﬂotrSize :000000 [DATA] 1, Se:nage(steady»slate), INCR=1{LOAD=1.000), [UNIT] KN, m Close the flOW path WindOW.
value Type Global Min/Max b B & | Level3 (Normal) L
:unv:lvlax Type ‘ Min/Max 4 ) Damiabs x b
in/Max Limit Scal... 0.001 o — —
Apply > NUMBER OF THREADS :8 Py

W 00404745, 21758  |X.-80~B0Y:-24~0Z0-0 G.[0] N{3965] E[3776] =

CE 383: GEOTECHNICAL ENGINEERING I | LYLES SCHOOL OF CIVIL ENGINEERING | PURDUE UNIVERSITY




STEP 3: ANALYZING THE RESULTS

3c. Extracting the results at the nodes to obtain pore pressures and gradients

- Visualize the contours of the property you are interested in getting values for.
Go to Results 2 Seepage = Nodal Seepage Results = DESIRED PROPERTY (e.g. total head)

- Go to: Results = Probes = Click on the desired node (intersection of the grid).

GTS NX - [Dam lab61

age/Consolidation Analysis Dynamic Analysis

Analysis

(7P LDF Sum F seepage - egenc Nodal Average
r Ve i ; i
Iso. 1™ Cutting Diag. SAM | Min/Max [ ] Elem. Cent. Result 4 Probe Recplte .
L% others - F&d History - Cont. Line [ Actual Deformation
Entity Type Color Value Tag Type

The value will appear on the contours e e [ v Heenes ~
(O Elemen extColor N ~ . -
(as shown on the left). Sement  TextC

4 -

Results

It will also be saved in a table. = - - Vauo A
v Node 2436 221395
To visualize the data in tabular form, i | ‘
hold the mouse on Probe Results.
Values can be copied directly from
this table and pasted in excel to Y
. Max Min Abs Max Clear al
perform CalCUIatlonS' [JMinMax Value of Each Part Close
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STEP 3: ANALYZING THE RESULTS

3c. (cont.) Extracting the results at the nodes

To get the pore pressure at point C
- Go to: Results = Nodal Seepage Results = Pore Pressure. Then use the Probe tool to get the pore pressure at Point C

@n;

Geometry Mesh Static/Slope Analysis Seepage/Consolidation Analysis

[+ Contour | i) Smooth ~ i) Edge Type - | & probe (& LoF sum
[ Diagram & Deform ~ = ) Mutti Step Iso. £ cutting Diag.
[Z vector - ﬂ No Results = || (@), Extract L% Others ~

Advanced

20& B c [ A Probe Results X
—

=l O 2 = GTS NX - [Dam lab6]

Dynamic Analysis Analysis Style ¥ Background @

1 1mage File H
Initialize || Options

Rl QB Qe+ lHELIER0860, 0833

= v

¥ Language ~

Legend Nodal Average
[ Min/Max  [] Elem. Cent. Result
Cont. Line [~] Actual Deformation

S n mneemess  MRERE
- On-Curve Diagram ~ +4:502e %
i..[7g Diagram-7 +4.215e. %
. fae
"I Default Style j +3. e
o 6m _ Grid 1m x 1m +3.354c [
=-2] Seepage(Steady-state) v +3.067e 3
=2 INCR=1 (LOAD=1.000) C +2.780e | 2
(-l Nodal Seepage Results +2.493e | =
Al TOTAL HEAD +2.206e | =
PORE DR RE HEAD +1.QISE'
| 4 PORE PRESSURE +1.631e

- FLOW RATE

+1.344e-

4l APPLIED SEEPAGE FLOW +1.057e:
4 REACTION SEEPAGEFLOW  , +7.702e
< - s +4.832e
Model Analysis +1.961le

‘Properies & x|
Values
B Values

[ show False

Value Decimal Point 5
Value Exponential  True

> n . mﬂ ~— 4 Level 3 (Normal) N

Value Font Size 11 %) pamiabs x b

Value Color W oooooo

b Ture lrsbiat M e «loutpet T e x
Aoply NUMBER OF THREADS : 8 A

8151 X: -8 0~0 G-[0] N-[3965] E:[3776] kN vim  v]see v
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STEP 3: ANALYZING THE RESULTS

3c. (cont.) Extracting the results at the nodes

To get the pore pressure at the base of the dam for calculation of the
uplift force:

- Case with no grout screen (base case)

Use the Probe tool to get the pore pressure at the two edges of the
dam (see top figure). Copy the values in the excel file prepared for
you to calculate the uplift force. You may use either sheet in the file.
Insert the values in the cells under “Pore pressure 1” and Pore
pressure 4,” on the row for zero depth of the grout screen. The sheet
automatically calculates the uplift force (column H).

- Case with grout screen

Use the Probe tool to get the pore pressure at the four points
identified in the bottom figure. Copy the values in the excel file
prepared for you to calculate the uplift force. Use the sheet
corresponding to the correct position of the grout screen.

Insert the values in the cells under “Pore pressure 1,” “Pore pressure
2,” “Pore pressure 3” and “Pore pressure 4” in the row for the
appropriate depth d of the screen. The sheet automatically calculates Note: this calculation neglects the contribution to
the uplift force (column H). uplift due to water pushing on the bottom of screen

~
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STEP 3: ANALYZING THE RESULTS

3c. (cont.) Extracting the results at the nodes

To obtain maximum exit hydraulic gradient
- Go to: Results = Plane Strain Seepage Fluxes = Hydraulic Gradient Resultant (this is the 3" option)
- Use the Probe tool to get the maximum exit gradient. Make sure “nodal average” is selected

@ s S mw L GTS NX - [Dam lab6]

Geometry Mesh Static/Slope Analysis Seepage/Consolidation Analysis Dynamic Analysis Analysis Tools Style v Background * Language

[+ Contour | i} Smooth ~ i F Legend Nodal Average
[+ Diagram | & Deform - [ Min/Max § "] Elem. Cent. Result
[ Vector ~ No Results ~ - i - Cont. Ling| ["] Actual Deformation

(8% | £ - nodem z 3
A PORE PRESSURE 2 = Probe Results . t %
M FLOW RATE +1.121e |2
4 APPLIED SEEPAGE FLOW +1.041e |
4l REACTION SEEPAGE FLOW ) _ +9.606e:
-4 Plane Strain Seepage Fluxes [ ] 3 +8.806e: -
e g gy +8.006e: |
... HYDRAULIC GRADIENT Y (V) +7.206e g
Q10U GRADIENT RESULTANT . +6.406e | -
.. SEEPAGE FLOW VELOCITY X (V) +5.606e | =
sl e SO S i — +4.805e:
4l SEEPAGE FLOW VELOCITY RESULTANT... +4.005e:
A PERMEABILITY A (V) +3.205e:
A PERMEABILITY B (V) +2.405e:
4l VOLUMETRIC WATER CONTENT y +1.605e:
. ¥ 58
Ve
Properties x
Values v
B Values -
[C] show False |
Value Decimal Point 5 3 m
Value Exponential True M_I Level 3 (Normal)
Value Font Size 11
Value Color M coooo0
\ialhia Tuna Glnhal Min/Mav b

Apply

> NUMBER OF THREADS :8

W:-13.7484, -1.41366 X:-80~80Y:-24~0Z:0~0 G:[0] N:[3965] E:[3776] kN v]m v Isec ~
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STEP 3: ANALYZING THE RESULTS
3d. Obtaining flow rates

First: Go to Result = Seepage = Flow Quantity

Second: Click Add -- select the nodes shown be

Third: Check “1”- Click Calculate

or ~ |XYZ Direction ~ | fil) No Results ~ || @) Extract L% Others ~ B History ~

Sene | | 1

Blysis Analysis Result

V| Legend
in/Max
ont. Line

j@ Seepage ~
&8 Flow Path
| Flow Quantity

low — select a name (e.g. 1) — click OK

\

g = ——

| |

g v

V| Cont. Line Actual Deformation

P—— e y y )
. ViR o eE Ao e+ BELG806866.0
Analysis Set |1 sl "@ b | <}~ +| Node (N) - v [I'E IE = | & Q’}H B ® | ,j
Dam| Step Seepage(Steady-state):INCR=1{ v v
= Selected nodes
Add
oai -
TRl 5
ate) Delete SREINCTYE Define Information X
=10 )
vage | " Name ’ 1
HEAL A+ Mode Node Mode A
RESS| ) 3 1]
RESS| Fiow Quantity . : - Selected 73 Object(s)
E
Dsgg NodeID » | | 106 151 175t0215 327603305 \
Search Tolerance 1e4305‘ m
: ] (Steady-state), INCR=1 (LOAD=1.000 &2 Add Close
. Inflow(+) / Outflow(-) Calculate Close
| t ¥ | Level 3 (Normal) -8
. |
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Flow Quantity X
Analysis Set |1 v
Step Seepage(Steady-state):INCR=1{ v

Define List
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Modify
Delete
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STEP 4: MODIFYING THE MODEL

To conduct the analyses for the other geometries required for this assignment you will need to modify
the model to include the grout curtain.

The new model should be built starting from 2DSeepagelab-dam_no_screen.gts by deleting elements
(squares of the grid).

~$'|‘E||EJ‘B§C§J i a

Results™ | S, Pre-Mode
. . em Modeling
To delete an element; 1) Click on Pre-mode (open lock figure) > | Ci—
S On-Cunee Niaaram
2) go to Mesh 9 Delete Elements
b= ¥ 3 GTS NX - [Dam lab6]
Geor etry liﬁ' tatic/Slope Analysis Seepage/Consolidation Analysis Dynamic Analysis Analysis Result Style v Background ¥ Languagg
@ Lﬂ — sy 5 Def. Size # 1D LTS GlgRename [ Extrude (o Sweep | [ Trans. - 1
S S ) CSys /7 Hinge ~ || *=*! 42 prop Ctrl. &3 20 = - - % Copy ¢85 Revolve [ Project || [ Rotate :
PR IRSY B Function ~ gtlz,i 1= Match Seed ‘33 R @Create }gFiII & Offset || glgMiror — i
‘ |l Slo o
3) Select the elements you want to delete and CIICk OK 4) Save the new geometry with another name using “Save as.”
o m % L | eementm < Elementm dIR = 1 REIE 5\5:‘ — o
e R =y R8BI OE P Run the model
?EIementCreate/Delete X »t— ] | ..... | | again (See Slide 3)
e [ EEEEEEE - toget the results.
EflDeiete Affected Node(s) NN EEE EEEEEEEEEEEEE ! = 3 T T 1 '
Delete Empty Mesh Set

[Jpuplicated Element(s) Only |-

18-m—
property L
|||y 1S S ) A S
AAAAAAAAAAAAAAAAA ‘!
H & OK Cancel | Apply | +——F+—F+—+—4+—F+—+—F—+4+—+—F—+F+—++——+1—1 [ ]

[rrrrrrm N
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FINAL HINT: If you close one of the “working windows” (probably by mistake), you can reopen it in Tools.

Seepage/Consolidation Analysis Dynamic Analysis Analysis Result

V| Model /| Analysis V| Results )&.;
ile | |[v]|Properties /| Task Pane (V| Scale Bar ;
V] Output (V] GCS Triad (V] Selection Toolbar %p,fl;; Sirﬁtgg‘tfon -
| | | |

BRI AR QA0+ [ HE

H RN % & %0 Fn | T2

—

'

&y | L.~ | None(0) - (| Tn
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CE 383: GEOTECHNICAL ENGINEERING STUDENTS:
Purdue University - Spring 2020

Laboratory on 2D Seepage using FEM
WORKSHEET TO BE TURNED IN AT THE END OF LAB

SUMMARY TABLE:

_ Flow rate
Pressure at C Uplitt force Exit gradient | under the dam
(kPa) (kN/m) 3
(m®/s/m)

No screen — Flow net
results (PART A)

No screen — Midas
(PART B)

d=10 m upstream screen
— Midas (PART B)

d=10 m downstream
screen — Midas (PART B)

d=15 m upstream screen
— Midas (PART C)

d=15 m downstream
screen — Midas (PART C)

2D FLOW - DAM WITH NO GROUT SCREEN (PART B)

B1l) What is an equipotential lIn@? ...
B2) What iS @ flOW [IN@ 72 .. ..
B3) What is the angle between equipotential lines and flow liINes? ...,

Y 2 e e

B4) How does the total head vary as a function of depth far to the left of the dam? What does this
imply? What about far to the right?

B5) Compare the results from Midas with those calculated by hand using the flow net.

Pressure at C (% difference).................. Uplift force (% difference).............................
Flow rate (% difference)........................ imax (% difference)...............c.cccoiiiiiiiii.
COMMEONES: ... e
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CE 383: GEOTECHNICAL ENGINEERING STUDENTS:
Purdue University - Spring 2020

2D FLOW - EFFECT OF 10 m UPSTREAM GROUT SCREEN (PART B)

B6) What is the effect of the grout screen on the pressure at C? Explain.

B10) What would you expect to observe if the upstream grout curtain extended to a greater depth,
interms of:  NO CALCULATIONS REQUIRED  (goes up/goes down/the same)

i) Exitgradient: ............... i) Flowrate:  ............... iii) Uplift force: ...............

B11) What would you expect to observe if the upstream grout curtain extended all the way to the
impervious bottom? NO CALCULATIONS REQUIRED - you may check with Midas

2D FLOW - EFFECT OF 10 m DOWNSTREAM GROUT SCREEN (PART B)

B12) What is the effect of the downstream grout screen on the pressure at C? Explain.
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Purdue University - Spring 2020

B15) What is the effect of the downstream grout screen on the flow rate? Explain.

B16) What would you expect to observe if the downstream grout curtain extended to a greater depth,
in terms of:  NO CALCULATIONS REQUIRED (goes up/goes down/the same)

i) Exitgradient: ............... i) Flowrate:  ............... i) Uplift force: ...............

DESIGN OF THE GROUT SCREEN (PART C)

C1) Based on the results obtained using Midas, do the three design solutions satisfy (YES/NO)

No screen 10 m upstream 10 m downstream
screen screen
1% requirement (imax<0.50)? oooiiiiiie e e
2" requirement
(uplift force X 2.5 <5,800KN/M)? .ooriiiiiie e e
C2) With a deeper curtain, do the design 15 m upstream 15 m downstream
solutions satisfy (YES/NO) screen screen
1% requirement (imax<0.50)? e e
2" requirement
(uplift force x 2.5 < 5,800kKN/m)? e i

C3) How can you explain these results?
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Appendix B — Stress Analysis Module

B1: StressAnalysis-Handout.pdf — explains purpose of lab and outlines procedures to be followed
B2: StressAnalysis-Guidelines.pdf — provides guidance on how to use Midas to conduct the
analyses and extract the results

B3: StressAnalysis-Worksheet.pdf — to be used to summarize data and provide answers
Additional files for download:

StressAnalysisLab-model.gts — input file for Midas software

StressAnalysis-Spreadsheet.xlsx

40



CE 383: GEOTECHNICAL ENGINEERING |
Purdue University

Laboratory on Stress Analysis using FEM

Purpose

- During this lab you will:

1) Use the Midas GTS NX Finite Element software to perform stress analysis.

2) Visualize and evaluate the distribution of stresses in the ground (i.e. stress bulbs and stress bulbs
superposition) produced under different scenarios;

3) Extract the stresses at specific points, and make comparisons to the results obtained using elastic
solutions in Lab #7;

4) Extract horizontal and vertical stress diagrams, plot graphs and evaluate the results.

Equipment and Software
- Your laptop on which you will have loaded the Midas GTX NS Software (see document with
installation instructions). Software download MUST be completed ahead of time.

Reading
- Posted handouts and lab notes posted in Blackboard. See also Section 10.3 in the HKS textbook.

Handouts and files

- StressAnalysis-Handout.pdf (this handout) — explains purpose of lab and outlines procedures to be
followed

- StressAnalysis-Guidelines.pdf — provides guidance on how to use Midas to conduct the analyses
and extract the results (software specific)

- StressAnalysis-Worksheet.pdf — to be used to summarize data and provide answers

- StressAnalysisLab-model.gts — input file for Midas software

- StressAnalysis-Spreadsheet.xlsx — excel file to be used to perform one of the required calculations

Overview

The elastic solutions used in Lab #7! assume isotropic elastic behavior and homogenous soil conditions
that is constant elastic properties (E, v). However, soils usually are heterogeneous and the stratigraphy at
a given site typically involves layers with different properties. In these cases, elastic solutions may not be
accurate. Additionally, the analytical solutions we examined are for simple loading conditions, where actual
conditions in the field may be more complex. For more complex scenarios, where analytical solutions are
not available, the Finite Element Method (FEM) is used. The FEM is a numerical method to solve Partial
Differential Equations. Today, many professional FEM software packages, like Midas GTS NX, are
available and are widely used in engineering practice for design. While more complex material models can
also be incorporated in a finite element code, in this lab we will continue to rely on isotropic elasticity. Note
that this is acceptable for calculating stresses but a more advanced model for soil behavior is required to
derive accurate predictions of strains and settlements.

In this lab, we will analyze a tilted building in Santos, Brazil. A simplified geological profile of the city of
Santos is shown in Figure 1. A layer of dense sand overlies a thick soft clay layer, under which lies another
layer of dense sand. Because the superficial layer of sand has good mechanical properties, many tall
buildings (up to 17 floors) were constructed in Santos between 1950 and 1970 on shallow foundations. This
is the case of the Mahembi and Paineiras buildings shown in Figure 2. At that time, there was no practical
technology to construct deep foundations, as is instead possible today (see leftmost building in Figure 1).
Geotechnical engineers warned builders that because of the presence of a thick soft clay layer under the
sand, large settlements and potential leaning of the buildings might occur over time. However, these
warnings were ignored, and many buildings from that time period have experienced large settlements and
are visibly tilted.

! Previous laboratory session in which the Boussinesq elastic solution was used to calculate the vertical stress
increments for the same buildings

Developed by O. Vitali, A. Getchell and M. Santagata 1
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Recent
buildings Mahembi Paineras

AN
Dense Sand

Santos’ typical
geological
profile

SOFT CLAY

Dense Sand

Figure 1. Typical geological profile of Santos, Brazil. Tilted old buildings constructed over shallow foundations and
recent buildings over deep foundations.

Edificio Mahembi Edificio Paineiras

Flgure'“2r Photos of Ieanlng bmldmgs |n.Santos—(on the left Mahembi bU|Id|ng, on the right both Mahembi and
Paineiras buildings).

In this lab you will assess the vertical stress increments below the Mahembi building, one of the most tilted
buildings in Santos, which settled and tilted significantly after the construction of the nearby Paineiras
building. You will use the FEM software MIDAS GTS NX to assess the vertical stress increments produced
by the Mahembi building alone (Loading condition 1, “small building only”), and by the two buildings

Developed by O. Vitali, A. Getchell and M. Santagata 2
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together (Loading condition 2, “small and large buildings”). Using Midas GTS NX, you will be able to
visualize the stress increment bulbs due to the Mahembi building and superimpose the stresses produced
by the construction of the Paineiras building. You should be able to relate the stress distribution in the
ground with the tilting of the buildings.

The mesh used for the analysis is shown below. Note that this is a 2D plane strain model, which means
that the loading extends infinitely in the direction perpendicular to the paper, and that there is no out of
plane (out of paper) deformation. The same loads (100 kPa for the small building, and 120 kPa for the large
building) used in Lab #7 are used here for the analysis.

Figure 3. Mesh used for analysis of stress increments produced under loads due to buildings.

You will perform analyses for three different soil profiles that differ in the properties of the materials used
for the different layers, specifically:

Soil profile 1 is characterized by a uniform sand layer (which encompasses the entire mesh shown in
Figure 3) with Esana=50,000 kPa.

In Soil profile 2, top 10 m of the same sand are underlain by soft clay with Ecay=2,500 kPa. This is the
scenario more representative of the actual soil conditions in Santos.

In Soil profile 3, top 10 m of the same sand are underlain by a very stiff rock layer with Erock=5,000,000
kPa.

Report

No report is required for this lab. You are required to complete the questionnaire by the end of lab and hand
it in.
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Procedure:
PART A — Analysis for uniform ground conditions (Soil profile 1): COMPARISON

OF MIDAS RESULTS TO SOLUTION FROM LAB #7

The input file for this analysis is provided to you and you need to load it into Midas as described in Slide 2
of the tutorial. In this file, both layers have the same E=50,000 kPa. Save the file with a new name (e.g.
StressAnalysisLab-SOILPROFILE 1.gts).

1)

2)

3)

4)

Run the analysis as described in Slide 4 of the tutorial. The analysis provides you results for two
cases: loading condition 1 (small building alone), and loading condition 2 (both buildings).

Visualize the stress bulbs for Acv due to loading condition 1. Note that Aov in Midas corresponds
to the s-yy TOTAL component. See Slides 5 & 6 for how to do this (note that you can toggle between
the stress bulb showing the effect of loading condition 1 and 2).

The stress bulbs should look similar to those you were shown in class and in lab for different loading
geometries. Zoom in on the bulbs close to the load. Using StressAnalysis-Worksheet.pdf, answer
the following question:

Al - Why do you think the bulbs are not as “smooth” as those presented in class? How could the
analysis be modified to make them smoother?

Refer to points A, B and C in Figure 4. Extract the values of Aoy at these points. See slide 7 in the
tutorial for how to extract these values using the “probe” tool. Make sure you are getting the stresses
at the correct nodes (in this part of the mesh the grid is 2.5 m x 2.5 m) and make sure the results
you are extracting make physical sense. Do so for the case of loading by the small building alone
(loading condition 1), and the case for loading by both buildings (loading condition 2). Copy by hand
these values into StressAnalysis-Worksheet.pdf below the data obtained last week using the elastic
solutions (Tables 1 and 2). Convert to positive values (see note below for reason).

NOTE: the software provides stresses using the mechanics sign convention (i.e. negative for
compression). Convert these to positive when reporting them in your report, as in geotechnical
engineering compressive stresses are positive.

10m Adm
i
Small building 100KkP3 Al 120kPa Large building

i L} ) I l [ ] ) I i L] [} I l [ ] L} ) i

10m 25md, ~ Sand

Sand,
~ Clay or
Rock

Figure 4. Location of points A, B and C at which to derive stress increments.
Using the worksheet provided to you, answer the following questions:

A2 - How do the results obtained using the elastic solution in Lab 7 compare with the numerical
results?

A3 - What are the basic assumptions of the solution that you used in Lab 7 to derive the stress
increments at A, B and C?

A4 - State two differences between the basic assumptions of the solution used in Lab 7 and those
of the FEM used here for calculating Acv (both are based on elastic behavior, so that would
NOT be a difference). Why are the results for Acv similar despite these differences?
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PART B - Analysis for uniform ground conditions (Soil profile 1): EFFECT OF
LARGE BUILDING

1) Visualize the stress bulbs again (note that you can toggle between the stress bulb showing the
effect of loading conditions 1 and 2). Using the sheet provided to you:

B1 — Determine how deep under the centerline of the small building the bulb corresponding to 50
kPa extends. Do this for loading conditions 1 and 2. Note that you may need to adjust the
scale. What does the difference in the two depths imply?

2) Focusing on the results obtained using Midas compare the stress increases at A, B, and C due to
loading conditions 1 and loading conditions 2. Using the sheet provided to you, answer the following
guestions:

B2 - By how much do the stresses at A, B and C increase as a result of the load associated with
the large building? How do you explain the different increases at A, B and C?

B3 - How do the vertical stress increases at A, B and C from Table 2 explain the lean of the small
building?

3) Extract the values of Aoy on a horizontal plane 10 m below the surface. See Slide 8 in the tutorial
for how to proceed to obtain a stress diagram. Do so for both loading conditions 1 and 2. Copy the
data in the first sheet (hamed “Dsv at 10 m depth”) of StressAnalysis-Spreadsheet.xlsx (beginning
at row 6 in columns A-E and H-L, respectively). Save the file.

4) Visualize the variation of Aoy as a function of the position relative to the center of the building in the
graph displayed in the sheet of the excel file named “Graph 1.” Identify the data points
corresponding to A, B and C and check the numbers you inserted in Tables 1 and 2 for Soil profile
1. On the worksheet provided to you, and using Graph 1, answer the following questions:

B4 - Based on Graph 1, approximately, how far from the centerline of the small building does the
effect of the large building stop being felt (state your criterion)?

B5- Using Graph 1, provide an estimate of Acv below the left and right edges of the large building
due to the loads from both buildings (no additional analysis needed, use results from Graph
1). Based on these values, would you expect the large building to exhibit similar, smaller or
greater lean that of the small one? Explain.

5) Extract the vertical stress increments under the centerline of the Mahembi (small) building. See
Slide 7 in the tutorial for how to proceed. Do this for both loading conditions 1 and 2. Copy values
in the second sheet of StressAnalysis-Spreadsheet.xIsx (sheet named “Dsv under CL of small”)
beginning at row 6 for columns A-E (loading condition 1) and H-L (loading condition 2).

6) Visualize the variation of Acv as a function of depth under the centerline of the small building in the
sheet of the excel file named “Graph 4.” Using StressAnalysis-Worksheet.pdf, answer the
following:

B6 - Based on Graph 4, how deep under the centerline of the small building does Acv exceed 50
kPa? Do this for loading condition 1 and loading condition 2. Your answer should be consistent
with that provided for B1.

7) Using the sheet provided to you, answer the following:
Note: you will not be evaluated based on whether your answers to B7 and B8 are correct. Please do
not make corrections.
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B7 - If you performed a new analysis replacing sand with soft clay over the entire depth of the
model, how would you expect the stresses at A, B and C to change? Why?

B8 — How would you expect the resulting deformations in the soil mass to change? Why?

PART C - Analysis of the effects of layers of different stiffness: Soil profile 2 (soft

1)

2)

3)

4)

5)

6)

7

clay with E = 2500 kPa below sand)

In Soil profile 2, the stratigraphy is modified to include a layer of soft clay below 10 m. Before
conducting any analysis, using StressAnalysis-Worksheet.pdf, answer the following question:

C1- For loading condition 1, do you predict that the values of Acv at A, B and C will increase, be
the same or decrease compared to the values determined at the same points for soil profile 1. What
is the rationale?

Note: you will not be evaluated based on whether your answers for C1 are correct. Please do not make
corrections, if you later find your answer for C1 incorrect.

Conduct analysis for Soil profile 2. To start, open the original file and save it using a different name
(e.g. StressAnalysisLab-SOILPROFILE 2.gts). You will need to edit the input file and modify the
elastic modulus of the bottom layer. See Slide 9 in the tutorial for details on how to do this.

Run the analysis. Again you will obtain results for the stress increments produced by loading
conditions 1 and 2.

Visualize the stress bulb under the small building for the condition corresponding to loading
condition 1. Using StressAnalysis-Worksheet.pdf, answer the following question:

C2 — Describe what differences you can identify in the pressure bulbs between Soil profile 1 and
Soil profile 2?7 Make sure you use the same scale for both.

Extract the values of Acv on a horizontal plane 10 m below the surface. As above, refer to slide 8
of the tutorial and copy the data in the first Sheet (with name “Dsv at 10 m depth”) of StressAnalysis-
Spreadsheet.xlsx (columns P-T for small building alone and W-AA for two buildings). Save the file.

Visualize the variation of Aoy as a function of the position relative to the center of the building in
“Graph 2” of the excel file. Using StressAnalysis-Worksheet.pdf, answer the following questions:

C3 - Relative to Soil profile 1, what is the effect of the presence of a soft clay layer under the sand
on the variation of Acv as a function of distance from the centerline of the small building
(Graph 2)?

C4 - In Graph 2, consider the areas between the x axis and the blue (Soil profile 1) curve and
between the x axis and the orange curve (Soil profile 2). What has to be true about these
areas? Think in terms of equilibrium.

Extract values of Aoy at points A, B and C using the “probe” tool (see slide 7 of tutorial). Copy these
values in Tables 1 and 2 on the sheet provided to you. Using StressAnalysis-Worksheet.pdf,
answer the following questions:

C5 - For loading condition 1 compare the values of Acv at A, B and C to those Acv obtained for
Soil profile 1. What do you observe?

C6 — Would you use the elastic solutions employed in Lab 7 to predict stress increases in a soil
profile similar to that of Soil profile 2? Would this provide an accurate estimate?
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8)

9)

Note that the effect of the presence of a soft layer under the top 10 m of sand is evident also when
one examines the values of Aoy produced by both buildings (e.g. you can check Graph 3 or
compare the pressure bulbs).

Extract the vertical stress increments under the centerline of the Mahembi (small) building. See
Slide 8 in the tutorial for how to proceed. Do this for both loading conditions. Copy values in the
second sheet of StressAnalysis-Spreadsheet.xIsx (sheet named “Dsv under CL of small”) in
columns P-T (small building only) and W-AA (both buildings).

Visualize the variation of Aoy as a function of depth under the centerline of the small building in the
sheet of StressAnalysis-Spreadsheet.xlsx named “Graph 4.” Using StressAnalysis-Worksheet.pdf,
answer the following:

C7 - For Soil profile 2, how deep under the centerline of the small building does Aov exceed 50
kPa? Do this for both loading conditions. How do these values compare to those for Soil
profile 1 that you provided for B1?

10) Refer to the data you summarized in Tables 1 and 2 in StressAnalysis-Worksheet.pdf.

C8 - Refer to the data you summarized in Tables 1 and 2. At point B calculate the ratio of Aoy due
to loading condition 2 (from Table 2) to Acv due to loading condition 1 (from Table 1). Calculate
the ratio for Soil profile 1 and Soil profile 2. What do you observe? For which soil conditions
is the effect of the second building more significant?

PART D - Analysis of the effects of layers of different stiffness: Soil profile 3 (stiff
rock with E = 5x 10° kPa below sand) — Focus exclusively on loading condition 1

1)

2)

3)

4)

5)

In Soil profile 3, the stratigraphy is modified to include a stiff rock layer below 10 m. Before
conducting any analysis, using StressAnalysis-Worksheet.pdf, answer the following question:

Note: you will not be evaluated based on whether your answers for D1 are correct. Please do not make
corrections, if you later find your answer for D1 incorrect.

D1- For loading condition 1, do you predict that the values of Aoy at A, B and C willincrease, be the
same or decrease compared to the values determined at the same points for Soil profile 1.
What is your rationale?

Conduct the analysis for Soil profile 3. To start, open the original file and save it using a different
name (e.g. StressAnalysisLab-SOILPROFILE 3.gts). You will need to edit the input file and modify
the elastic modulus of the bottom layer. See Slide 9 in the tutorial for details on how to do this.

Extract the values of Acv at points A, B and C using the “probe” tool (see slide 7 of tutorial), and
copy them in Table 1 (loading condition 1) and Table 2 (loading condition 2) on StressAnalysis-
Worksheet.pdf. Using StressAnalysis-Worksheet.pdf answer the following question:

D2 - For loading condition 1 compare the values of Aoy at A, B and C to those Acv on obtained for
Soil profile 1. What do you observe?

Extract the values of Acv on a horizontal plane 10 m below the surface. For this part focus on the
results for loading condition 1. As above, refer to slide 8 of the tutorial and copy the data in the first
Sheet (with name “Dsv at 10 m depth”) of StressAnalysis-Spreadsheet.xIsx (columns AD-AH). Save
the file.

Visualize the variation of Acv as a function of the position relative to the center of the building in
“Graph 2” of the excel file. Using StressAnalysis-Worksheet.pdf answer the following question:
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D3 - Relative to soil profile 1, what is the effect of the presence of a stiff layer below the sand on
the variation of Aov as a function of distance from the centerline of the small building (Graph
2)?

PART E - Design implications (based on Soil profile 2 results)

Using StressAnalysis-Worksheet.pdf answer the following questions that illustrate the practical significance
and the design implications of the analyses and calculations you performed.

E1 - Refer to the results for Soil profile 2. Assume that the clay layer can support a vertical stress
increment of 50kPa without undergoing large deformations. Focusing on what happens
under the centerline of the small building, would you expect large settlements in the clay,
under the load due the small building alone? Why?

E2 - Focusing on what happens under the centerline of the small building, would you expect large
settlements in the clay, under the load due to both buildings? Why?

E3 - Imagine you are a Geotechnical Engineer in Santos in the early 50’s, when the construction
of tall buildings started, and no technology for the construction of deep foundations applicable
to the local site conditions is available. Assume, as above, that the clay layer can support a
total Aov of no more that 50kPa without undergoing large deformations, and that each story
of a building produces a stress of 10kN/m2. Provide an estimate of the number of stories that
you would recommend for the Paineiras (large) building to avoid large settlements
underneath the centerline of the Mahembi (small) building.

You should not perform additional analyses with Midas. Base your answer on your
knowledge of the Aoy associated with the small building (this value does not change), and
take advantage of the fact that the solution provided by Midas is based on elasticity, i.e.
stress increments are proportional to the loads applied at the surface. Show your work.
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Laboratory on Stress Analysis using FEM
Tutorial for conducting the analysis using the Midas GTS NX software

Prepared by O. Vitali, A. Getchell and M. Santagata — Spring 2020

to be used in conjunction with Lab Master Handout
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(¥} C\Users\ovitali\ DesktophSpring 2018... A

Analysis = Static Load - Small 9 i

-] History Output Prabe

. . . . [ 188 Boundary Condition
Building and Large Building i

- P Smal Building 1 —
w-Mfi Large building 2 out

i+ Genera > GTS NX 2020 (v1.1) (54bit)
W > Copyright (C) SINCE 1989 MIDAS Information Technology Co., Ltd. ALL RIGHTS RESERVED.
> GTS NX 2020 (v1.1) (64bit)
r%E Response Spectrum Load > Copyright (C) SINCE 1989 MIDAS Information Technology Co., Ltd. ALL RIGHTS RESERVED.
oo Gans et M
¢ > |

Mode EUELEY Resuls

2 StressAnalysisLab-model x

W: 8.14072, -256.759 X:-1565™200 Y: -360~0Z:0~0 G:[0] N:[2548) E:[835] kN
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Step 1: GETTING STARTED

1b. Inspecting the model: FEM mesh, boundary conditions, and materials

Applied loads Size of elements =2.5mx 2.5 m

- ——————— ] /
= | lf‘q{ \ Top layer — Linear elastic material
O\ LR E=50MPa, v=0.3
;/ L *""'-'r"';;{_;_ l'_,"
| / \ 7 \ Bottom layer — Linear elastic material
[ - /
= I \ ] E=variable, v=0.3
...’___f - ., 9 . ;,: H"n_ | -, -
= 4 T\ \ =
h.-.H_._H.- | f.«'\\ , —rl 11 -
~ S | N Note variable size of elements
= f'"----_h__ - =
| / e 'I
Vi f |
o |
. ' e
| ] —
\ ~ ) — . .
I'. | | Each analysis will generate two sets of results:
|
| . . . o, .
Displacement = | | | | - One for the sma_II I:.JU|Id|ng aIc_)ne (Loac_jl.ng condition 1)
constraints '. | | - One for both buildings (Loading condition 2)
\ |
\:; ' % “k ' i “4 o “i
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Step 2: PERFORMING THE ANALYSIS

To run the model, go to “Analysis” and click on “Perform” and “Ok”.
Make sure this box is checked.

el ag s

“
’ Geometry Meash Static/Slope Analysis Seepage/Consolidation Analysis Dynamic Analysis Thermal Anah.-'si
\

8 2 g |[E
The program will calculate two solutions: petom B | e | 2
- One for the small building alone (Loading condition 1) LA e b i ook
" . . 4 SO ommo @M B F oM L& %0t 7 RS QA
- One for both buildings (Loading condition 2) S s »
olver — 1

104

1 . | Name Type Description
1 Construction Stage

IMPORTANT NOTES:

- The results are presented using the mechanics sign
convention, i.e. compressive stresses are negative.

When reporting them, you will need to change their
5|g n. [ check onfoff Cancel

i MEF Parnanca Cractnm | aad

- All stresses reported are STRESS INCREMENTS, i.e. the
stresses produced by the applied loads (these would
be added to the initial stresses).
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NOTE: FOR EACH SOIL PROFILE YOU NEED TO EXTRACT THE
Step 3: ANALYZING THE RESULTS STRESSES FOR THE TWO CASES OF INTEREST - SMALL

3a. Visualizing the contours of vertical stress increments BUILDING ONLY AND BOTH BUILDINGS

The model calculates the vertical stress increments for the case in which there is only the Mahembi building (“small
building only” or Loading condition 1) and in presence of both buildings (Loading condition 2).

For each case, to see the distribution of the vertical stress increments, go to: RESULTS (see in red frame below) = “Small
building only” or “Small and Large building” = Plane strain stresses = S-YY (this is the vertical stress increment).

L o =& ES””T all and Large buildings Zoom in sufficiently to see what is
- fly Post Style Ba _ _

T 8 et sy & Displacements happening close to the surface
-1 Small Building only oo o [-4% Reactions - -
B@ |NC;_=1|(LOAD=:'ODO) ’c‘;L E-"‘ [jg Plane Strain Forces 2]4‘ I?‘
Glrisz ;;recr::n : 77 7 B--$ Plane Strain Stresses . N S
Reactions 00+ B} PBOGH0 @ 8 VBBL g 1B GO50P0 9 @ YWD
Plane Strain Forces R @ 'E S-YY TOTAL = 'o‘ Hl RELEIE ' g aa S i e

Plane Strain Streszes < : :‘::: 5;::: ;0::;5 ,E 5-77 TOTAL
s Y\ : e S s

E S-¥Y TOTAL & & s-ZZ ToTAL

5] S-ZZ TOTAL §

& S-MAJOR PRINCIPAL (V)
& S-MINOR PRINCIPAL (V)
& SAFETY FACTOR

&3 5-MAX SHEAR

& 5-VON MISES

&1 MEAN EFFECTIVE PRESSU.
] MEAN TOTAL PRESSURE
& PORE STRESS

& SXCESSIVE PORE STRESS

\ You can toggle between the

two plots using this slider e use same scale

W.-149.097. 435694 X-1557200 Y -360~0 211 G126) N{2548 E{835]

Note that two figures may not

W-48.4413 127085 X-155°200Y--360°0Z1™1 26N {2548 £1835] N vim vi3 visec~
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Step 3: ANALYZING THE RESULTS

3a. (cont.) Visualizing the contours of vertical stress increments

Model Analysis

] show Trye
Mumber of Bands 12
Color Type RGB
Contour Color 1 W oooooo
Contour Color 2 || FFFFFF
[] Reverse False
[C] Occupant Ratio On/Off False
Occupant Ratio Color B Frooo0
[C] Auto-Range False
Max/Min Value On/Off True
Max Value 0
I Min Value -120
Qut Of Range Part Fill
Min/Max Type Local Min/Max
E Value
Value Color W ooooo0
[C] value Exponential False
Value Decimal Point 1
Value Font Size 25
B Background
Background Solid Fill
Color || FFFFFF
Apply

To better visualize the stress bulbs, adjust the scale and the number of bands.
To adjust the scale, go to: Properties =2 Legend: check Max/Min Value and enter
Max Value and Min Value.

.5 S-XX TOTAL
i3] §¥¥ TOTAL
i3] 572 TOTAL

£ s

& s-xv

5] 5-MAJOR PRINCIPAL (V)
£5] 5-MINOR PRINCIPAL (V)
(5] SAFETY FACTOR

£5] 5-MAX SHEAR

£ s-vOM MISES

(5] MEAN EFFECTIVE PRESSU.

2 S
& sz

AP == Ny,
AT
T 1T T

£5] MEAN TOTAL PRESSURE .
5
=] DORE STRESS )J — ==
Model Analysis /
I | |

Properties 1 x Y | |
Legend ~ "\ [ |
= Legend

Show True

Nurmber of Bands 12

Color Type RGE

Contour Color 1 M oooooo

Contour Color 2 [ FFFFFF !

[C] Reverse False —

[C] Occupant Ratio On/Off False | _g'

Occupant Ratio Color M Frooo0 \ AT

[C] Auto-Range False < N

Max/Min Value On/Off True e

Max Value 0 4 I

Min Value -120 M : [ A i

Out OF Range Part Fil M AN

MinfMax Type Local Min/Max 4 -

ﬂ uction Skaf ) R=1 (L&AD:LUPQJ,-‘.[_‘UNIT]‘ L, m
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Step 3: ANALYZING THE RESULTS Small building 10m ) 40m _Large building

—> < >
. e . L 120kP
3b. Extracting stresses at specific points 100kPa, | ; ‘ ; : . ; ; _
For all soil profiles examined, you are asked to | | ‘ l | ] | N ‘ | ‘ l | l L
. . 10m 25m | Sand
extract the vertical stress increments at nodes A, B T T P R B 2 — — i

and C (see location on the right).

_ Sand,
Clay or

To get the stresses at the nodes, use the Rock

probe tool:

1) Make sure the grid is visible . | vy b [ et E"‘
ection L% Others ~ EHstory - || (4] Cont. Line [] Actual Deformation Gl
— - Genera | “SpecalPost | J e =l |
(Results — Edge Type - Mesh Edge) ROt WO WV Vake sure that the box

B0 | & -] NoneO) - IR = I RBIOD &,

2) Results = Probe “Nodal Average” is checked

and the box “Elem. Cent.

GTS NX - [Dam lab&1

. . age/Consolidation Analysis Dynamic Analysis Analysis m
3) Select the nodes and view values in e~ & prove] (PL0F Sum || £ Sespage - | FTTEDEME= /) Nodal Aversge | Result” is unchecked
bl [ Ty» MU ep Iso. 1™ Cutting Diag. | p& SAM || [[] Min/Max [ | Elem. Cent. Result || °
table jt@ Bxtract LS, Others ~ i Bl History - [¥] Cont. Line [] Actual Deformation
4) Copy values of stress increments for TR IR S N AR Y =1

Tools

each scenario to excel sheet v/ = prabe Resus x

“‘" \‘\.7/ \ Entity Type Color Value
(remember to convert the stress = ousr | torcaor 7] loworema
increments to positive)

V| Legend Nodal Average
| Min/Max | [ | Elem. Cent. Result
Cont. Line | | Actual Deformation

Decima | Poin = ~

t
Oelement  Text olor [N ~ 4=

Results

IR e=-
| Ll
>

Show ‘ Type ‘ m ‘ Value ‘
- Node 36 -89.2812
Node 387 -81.3506

|
p
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Step 3: ANALYZING THE RESULTS For two of the soil profiles modeled you will need to get the horizontal

3c. Obtaini ¢ di stress diagram at the top of the bottom layer and the vertical stress
c. dining Stress diagrams diagram below the center of the small (Mahembi) building.

The horizontal and vertical cross-sections to extract the stresses have been already built.

To extract the results in table format: go to Results 2 On-Curve Diagram (check the boxes to see the diagrams) = click with right
button on “Horizontal” or “Vertical” = Show Table = Copy the values to StressAnalysis-Spreadsheet.xlsx = Close table window

NOTE: FOR EACH SOIL PROFILE EXTRACT THE STRESS DIAGRAMS FOR THE TWO LOADING CONDITIONS: SMALL BUILDING ONLY AND BOTH
BUILDINGS

1Lerm 1

@ C\Users\ovitali\Desktop\Spring 2019\CE 38. @ ChUsershovitali\Desktop\Spring 2019\ CE 38..

B F}w On-Curve Diagram

B Phw On-Curve Dlagram
I-F-%. Horizontal P
By Vertical g v TIITEE Make sure that the box
|:|ﬂ_ Pact Shule Post Sty|E Delete eometry  Mesh  Static/Slope Analyss  Seepage/Consolidation Analysis Dynarmic Analysis nalysis esu ools “ ”
= : L[ Defaultfl Show Table 2comm [%g:;""':: g:ﬁew“' %;:’,:Ztem. gz;;"gmm_ 2::"““5 E e E ] NOdal Ave rage IS
Model Analysis =- ﬁ 1 | CAUBERN | - Vector - X2 Direction =] No Resuls - || @) Extroct 45 Others ~ FHitory - || @) Cont. Line [ Actual Det
- -2 Small Bu Display Cption...
Properties

e Y T B
Results 2 x

checked and the box
“Elem. Cent. Result” is
unchecked.

: Qoo +I@E
-2 Small and Large buildings

Horizontal

{21 Small Building only
[21 Small and Large buildings

Tools
Nodal Average

10 [
2 395 10 [
356263 <10 0 = _
i 376141 <10 0
> 5 0z <10 0 = i
6 ED -10 o =
7 345 10 0
x 8 335655 0 -~
PLy eneral 19 -10 u v v
5 20 31542 ED 0
1 21 10 [ s
= ED T [] Min/Max
n F5) 255! 10 0
. 2 274 <10 0 - 5
ES 264805 <10 0 .
ertica e — .
204 -10 0 Ch;
2% 2. 10 0
20 4319 10 0
30 214107 10 0
31 204076 10 0
2

<
Model Analyss

[ Elem. Cent. Result
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Step 4: MODIFYING THE MODEL

1 1 Material =
To change the material properties for one of the layers (£ 880000 9: @'@"@'@i D 5 | veme [sommle | e [0

(required to perform analysis for Part C and D) o (8% 1L | Nene (o 1] oderripe  [este U Oseueare

General Porous Time Dependent

1 - . -.g" ||E| |€|| | E Elastic Modulus(E) KN jm?
1) Click Pre-Mode (opened locker); iem — _l[ | ] e o
e Modeling :

Inc. of Elastic Modulus R, m

0.3

i-?;i ChUsers\ovitali\Desktoph\Spri No Name Type Create... |7

2) Mesh = Material —— (T2 omare mavoserims [

kMfm3

itial Stress Parameters

Copy
Ko Determination
Delete

Automatic

)
[ o
[ 1
| ort |
\_E]‘ E L_l e oot fom (® Manual [ anisotropy H&
‘. ": < CSys Excel Thermal Parameter
I Material Property }*_, Function ~ Export to Excel Thermal Coeffident 1Tl
Cve Renumber Damping Ratio{For Dynamic)
Database Damping Ratio
“ ” . Close [ safety Result(Mohr-Coulomb)
3) Select “Bottom layer” = Modify %
. . Y Tensile Strength
4) Change the “Elastic modulus(E)” and click ok. = :
1
JES  :6803
. . MENTS : 2232
5) Run the model again with the new “E”. s 120679
JATIONS : 13515
100.00%), ITERATION= 0, ERROR NORMS: P( 4.14E-013/ 1.0E-003) W( 6.
aRY _
6) Analyze new set Of results NSLATION : -1.8208E-001(T2:3478), MAXIMUM ROTATION : 0.0000E+000(R L se2l)
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FINAL HINT: If you close one of the “working windows” (probably by mistake), you can reopen it in Tools.

GTS NX - [Dam lab6]

Seepage/Consolidation Analysis Dynamic Analysis Analysis Result

/| Model [/ Analyss  [/] Results “ /g_g
jle || [v| Properties || Task Pane [/| Scale Bar _
V| Output V] GCS Triad |v| Selection Toolbar %p‘f& Sinitg;tson ¥
| | [ |
RN k& o RGBS QEIQRIC O+ IHE

| — |

| ‘a

&)y | ¥~ | None(0) v =
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CE 383: GEOTECHNICAL ENGINEERING STUDENTS:

Purdue University

Laboratory on Stress Analysis using FEM
WORKSHEET TO BE TURNED IN AT THE END OF LAB

SUMMARY TABLES:

Table 1. Vertical stress increases - Contribution of small building only (Loading condition 1)

POINT A (kPa) | POINT B (kPa) | POINT C (kPa)
40.4 54.5 40.4

Elastic Solution (Lab 7)

Midas - Soil Profile 1

Midas - Soil Profile 2

Midas - Soil Profile 3

Table 2. Vertical stress increases - Contribution of small and large buildings (Loading condition 2)

POINT A (kPa) | POINT B (kPa) | POINT C (kPa)
44.6 64.4 66.2

Elastic Solution (Lab 7)

Midas - Soil Profile 1

Midas - Soil Profile 2

Midas - Soil Profile 3

PART A: Analysis for uniform ground conditions (Soil profile 1): COMPARISON OF MIDAS
RESULTS TO SOLUTION FROM LAB 7

A1) Why do you think the bulbs close to the surface are not as “smooth” as those presented in class?
How could the analysis be modified to make them smoother?

A2) How do the results obtained using the elastic solution in Lab 7 compare with the numerical
results?
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A3) What are the basic assumptions of the solution that you used in Lab 7 to derive the stress
increments at A, B and C?

A4) State two differences between the basic assumptions of the solution used in Lab 7 and those of
the FEM used here for calculating Aoy (both are based on elastic behavior, so that would NOT be a
difference). Why are the results for Acy similar despite these differences? .............coooiiiiil.

PART B: Analysis for uniform ground conditions (Soil profile 1);: EFFECT OF LARGE
BUILDING

B1) Determine how deep under the centerline of the small building the bulb corresponding to 50 kPa
extends? Do this for loading conditions 1 and 2.

For loading condition 1 ........................ For loading condition 2 ........................
What does the difference in the two depths imply? ..o

B2) By how much do the stresses at A, B and C increase as a result of the load applied by the large
building (difference between values in Table 2 and Table 1) ?

B3) How do the vertical stress increases at A, B and C from Table 2 explain the lean of the small
010 10 1 8T PP

B4) Based on Graph 1, approximately, how far from the centerline of the small building does the
effect of the large building stop being felt (state your criterion)?...........c.ooiiii e

B5) Using Graph 1, provide an estimate of Aoy below the left and right edges of the large building
due to the loads from both buildings (no additional analysis needed, use results from Graph 1):

Left edge ................ kPa Rightedge........... kPa

Based on these values, would you expect the large building to exhibit similar, smaller or greater
lean than that of the small one? Explain



CE 383: GEOTECHNICAL ENGINEERING STUDENTS:

Purdue University

B6) Based on Graph 4, how deep under the centerline of the small building does Acv exceed 50 kPa?
Do this for loading condition 1 and loading condition 2.

For loading condition 1........................ For loading condition 2........................

Check that your answer is consistent with your answer for B1?...........oiiiiiiiiiiiieeen

B7) If you performed a new analysis replacing sand with a soft clay over the entire depth of the
model, how would you expect the stresses at A, B and C to change? Why?

Note: you will not be evaluated based on whether your answers to B7 and B8 are correct. Please do not make
corrections.

PART C: Analysis of the effects of layers of different stiffness: Soil profile 2 (SOFT CLAY
BELOW SAND)

C1) For loading condition 1, do you predict that the values of Aoy at A, B and C will (circle your
answer):

increase be the same decrease

compared to the values determined at the same points for soil profile 1. What is your rationale?

Note: you will not be evaluated based on whether your answers to C1 are correct. Please do not make
corrections, if you later find your answer to C1 to be incorrect.

C2) Describe what differences you can identify in the pressure bulbs between Soil profile 1 and Soil
profile 2? Make sure you use the same scale for both.

C3) Relative to Soil profile 1, what is the effect of the presence of a soft clay layer under the sand on
the variation of Aoy as a function of distance from the centerline of the small building (Graph 2)?

C4) In Graph 2, consider the areas between the x axis and the blue (Soil profile 1) curve and between
the x axis and the orange curve (Soil profile 2). What has to be true about these areas? Think in
termsS Of EQUIIDIIUM. e e
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C5) For loading condition 1 compare the values of Aoy at A, B and C to those Acy obtained for Soil
profile 1. What do YOU ODSEIVE? ... e

C6) Would you use the elastic solutions employed in Lab 7 to predict stress increases in a soil profile
similar to that of Soil profile 2? Would this provide an accurate estimate?

C7) For Soil profile 2, based on Graph 4, how deep under the centerline of the small building does
Aoy exceed 50 kPa?

For loading condition 1........................ For loading condition 2 ........................

How do these values compare to those for Soil profile 1 that you provided for B1? ........................

C8) Refer to the data you summarized in Tables 1 and 2. At point B calculate the ratio of Acy due to
loading condition 2 (from Table 2) to Aoy due to loading condition 1 (from Table 1). Calculate the
ratio for Soil profile 1 and Soil profile 2.

Ratio for Soil profile 1 ........................ Ratio for Soil profile 2 ........................

What do you observe? For which soil conditions is the effect of the second building more significant?

PART D: Analysis of the effects of layers of different stiffness: Soil profile 3 (STIFF ROCK
BELOW SAND) - focus exclusively on loading condition 1

D1) For loading condition 1, do you predict that the values of Aoy at A, B and C will:

increase be the same decrease

compared to the values determined at the same points for Soil profile 1. What is your rationale?

Note: you will not be evaluated based on whether your answers to D1 are correct. Please do not make
corrections, if you later find your answer to D1 to be incorrect.

D2) For loading condition 1 compare the values of Ac, at A, B and C to those Ac, on obtained for
Soil profile 1. What do you observe?

D3) Relative to sail profile 1, what is the effect of the presence of a stiff layer below the sand on the
variation of Aoy as a function of distance from the centerline of the small building (Graph 2)?
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PART E: DESIGN IMPLICATIONS (based on Soil profile 2 results)

E1l) Refer to the results for Soil profile 2. Assume that the clay layer can support a vertical stress
increment of 50kPa without undergoing large deformations. Focusing on what happens under the
centerline of the small building, would you expect large settlements in the clay, under the load due

the small building alonNE? WY 2. .. .o

E2) Focusing on what happens under the centerline of the small building, would you expect large
settlements in the clay, under the load due to both buildings? Why?

E3) Imagine you are a Geotechnical Engineer in Santos in the early 50’s, when the construction of
tall buildings started, and no technology for the construction of deep foundations applicable to the
local site conditions is available.

Assume, as above, that the clay layer can support a total Acy, of no more that 50kPa without
undergoing large deformations, and that each story of a building produces a stress of 10kN/m?2.
Provide an estimate of the number of stories that you would recommend for the Paineiras (large)
building to avoid large settlements underneath the centerline of the Mahembi (small) building.

You should not perform additional analyses with Midas. Base your answer on your knowledge of
the Aoy associated with the small building (this value does not change), and take advantage of the
fact that the solution provided by Midas is based on elasticity, i.e. stress increments are proportional
to the loads applied at the surface. Show your work.
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